Abstract V(D)J recombination of Ig and TCR genes is strictly regulated by the accessibility of target gene chromatin in a lineage-and stage-specific manner. In the mouse TCRg locus, rearrangement of the Vg2 gene predominates over Vg3 rearrangement in the adult thymus. This preferential rearrangement is likely due to the differential accessibility of the individual Vg genes, because the levels of germ line transcription and histone acetylation of the Vg genes are well correlated with the rearrangement frequency in adult thymocytes. However, factors responsible for the differential regulation of the Vg gene rearrangement have been largely unknown. In this study, we demonstrated that Vg2 rearrangement in the adult thymus was substantially reduced in mice deficient for the basic helixloop-helix protein, E2A. The decreased rearrangement is likely caused by the reduced accessibility of Vg2 chromatin, since germ line transcription and histone acetylation of the Vg2 gene were reduced in an E2A dosage-dependent manner. We further showed that E2A bound around the Vg2 gene in vivo and we identified two canonical E-box sites downstream of Vg2, to which E2A can bind in vitro. Furthermore, these two E-box sites had the ability to activate transcription upon E2A over-expression. These data suggest that E2A directly binds to and increases accessibility of Vg2 chromatin, thereby facilitating Vg2 rearrangement in the adult thymus.
Introduction
During lymphocyte development, variable (V), diversity (D) and joining (J) gene segments are assembled by V(D)J recombination within the TCR and Ig loci (1) . V(D)J recombination is initiated by the recombination-activating gene products RAG1 and RAG2, which cleave DNA at the recombination signal sequences (RSSs), and is regulated in a lineage-and stage-specific manner by accessibility of target chromatin to the RAG1 and RAG2 proteins. Accessibility is typically associated with transcription of target gene segments prior to recombination, termed germ line transcription, and with histone modifications such as acetylation of histone H3 and H4 (2, 3) . The cis-acting elements within TCR and Ig loci, including enhancers and promoters, play crucial roles in recombination by establishing the locus-and gene segmentspecific accessibility (4) (5) (6) . However, it is still largely unknown which factors are responsible for specifically targeting accessibility of the certain gene segments in the correct lineage and at the appropriate developmental stages.
The murine TCRc Cc1 cluster consists of four Vc gene segments, Vc5, 2, 4, and 3, all of which recombine with a single downstream J gene segment, Jc1 (7, 8) . The selection of the Vc genes for rearrangement is highly developmentally regulated, with Vc3 predominating in the early fetal thymus and Vc2 predominating in the adult thymus (9) . This preferential rearrangement of the Vc2 over Vc3 gene in adult thymocytes is likely due to the differential accessibility of the individual Vc genes, because the levels of germ line transcription and histone acetylation of the Vc genes are well correlated with the adult pattern of rearrangements (10, 11) . Furthermore, studies using transgenic mice revealed that when the promoter segments of the Vc2 and Vc3 genes were reciprocally swapped, the accessibility and rearrangement patterns of Vc2 versus Vc3 were reversed in the adult thymus, suggesting that the promoter regions of the individual Vc genes determine the preference for Vc2 over Vc3 rearrangements in adult thymocytes (12) . However, the promoter swap did not change the rearrangement pattern of the transgene in fetal thymocytes. Subsequent studies using transgenic mice and gene-targeted mice clearly indicated that the gene location proximal to the Jc segment is responsible for the preferential Vc3 rearrangement during the fetal stage (13, 14) . In addition to the promoters, at least two cisacting elements play unique and overlapping roles in regulating TCRc gene rearrangement and transcription (15) . One is a T cell-specific transcriptional enhancer, Ec1, located 3 kb downstream of the Cc1 gene segment (16, 17) and the second is an element, termed HsA, defined between the Vc5 and Vc2 genes, which functions together with Ec1 as a locus control region (18) .
Although the role of specific transcription factors in differential regulation of the Vc gene rearrangement has not been extensively studied, E2A transcription factor has been implicated in the regulation of the adult pattern of Vc gene rearrangements (19) . E2A is a member of the basic helixloop-helix (bHLH) family and consists of E12 and E47, alternative splicing products of the E2A gene (20) . E2A belongs to the class I HLH proteins (also called E-proteins) together with HEB and E2-2. These E-proteins bind to the E-box sites (CANNTG) present in many regulatory elements in Ig and TCR loci and have been implicated for the accessibility control of V(D)J recombination (21) . Specifically, in E2A-deficient mice, Vc2 gene rearrangement is reduced in the adult thymus, while Vc3 gene rearrangement is increased.
In the present study, we demonstrated that Vc2 gene rearrangement was impaired by the E47 deficiency in adult thymocytes. Germ line transcription and histone acetylation of the Vc2 gene were reduced in an E47 dosage-dependent manner. We also showed that E2A bound to the Vc2 gene in vivo and that E2A bound to two canonical E-box sites downstream of the Vc2 RSS in vitro. Furthermore, these two E-box sites had the ability to activate transcription upon E2A over-expression. Thus, these results imply that E2A promotes Vc2 gene rearrangement by directly binding to close proximity of the Vc2 segment to increase chromatin accessibility.
Methods
Mice E47-deficient (22) , RAG2-deficient (23) mice were maintained in specific pathogen-free conditions. C57BL/6 mice were purchased from CLEA Japan, Inc. (Osaka, Japan), or Japan SLC (Shizuoka, Japan). All animal experiments were performed in accordance with the guidelines of Osaka Medical Center and Research Institute for Maternal and Child Health or the Institute of Laboratory Animals, Faculty of Medicine, Kyoto University.
Flow cytometric analysis and cell sorting
Flow cytometric analysis was performed as described (11) . The antibodies used were purchased from BD Biosciences (San Jose, CA, USA) or eBioscience (San Diego, CA, USA). Stained cells were analyzed using a FACSCalibur (BD Biosciences). CD4
À

CD8
À DX5 À thymocytes were isolated by Dynabeads (Dynal Biotech, Carlsbad, CA, USA) and used as CD4
À CD8 À double-negative (DN) thymocytes. We routinely obtained a population of 95% purity.
Quantitative genomic PCR for Vc2-Jc1 rearrangement Genomic DNA was isolated from thymocytes as described (11) . Vc2-Jc1 rearrangement levels were quantified by realtime PCR using QuantiTect SYBR Green PCR mix (QIAGEN, Hilden, Germany) on a DNA Engine PTC-200 with a Chromo4 Real-Time module (Bio-Rad Laboratories, Hercules, CA, USA) and normalized to the CD4 enhancer.
Reverse transcription-quantitative PCR for germ line transcripts
Total RNA was prepared from thymocytes using ISOGEN (NIPPON GENE, Tokyo, Japan) and contaminating genomic DNA was removed with DNA free (Ambion, Carlsbad, CA, USA). cDNA was synthesized from RNA equivalent to 2-6 3 10 6 cells using reverse transcriptase Superscript III (Invitrogen, Carlsbad, CA, USA) and Oligo (dT) 20 primer according to the manufacturer's instructions. The resultant cDNAs were amplified and transcript levels were quantified by real-time PCR as in quantitative genomic PCR and normalized to b-actin mRNA.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assay was performed as described (11) . Briefly, thymocytes were fixed with 1% formaldehyde for 5 min [for acetylated histone H3 lysine 18 (H3K18ac)] or 20 min (for E2A) at room temperature. Soluble chromatin prepared from 3 3 10 6 fixed thymocytes was immunoprecipitated with anti-H3K18ac antibody (07-354 Millipore, Billerica, MA, USA) followed by protein GSepharose (GE Healthcare Life Sciences, Piscataway, NJ, USA) or with anti-E2A antibody (V-18X, Santa Cruz Biotechnology, Santa Cruz, CA, USA) preadsorbed to Dynabeads Protein G (Dynal Biotech). DNA was purified from the bound and input fractions and quantified by real-time PCR as described for quantitative genomic PCR.
ChIP-on-chip analysis
Custom microarrays were prepared by GeneFrontier (Tokyo, Japan). The arrays contained oligonucleotide probes that tiled through the 200 000-bp region of the mouse chromosome 13 containing the mouse TCRc Cc1 and Cc3 cluster, from 18 500 000 to 18 700 000 according to the mouse genome sequence in the University of California, Santa Cruz browser. The probes representing both the forward and the reverse strands, each having 9248 50-mer oligonucleotides, were spaced every 10 bases and were printed at two random locations in each strand on the array. Amplicons were prepared from the E2A and control IgG ChIP DNA and from the input DNA with ligation-mediated PCR, according to the manufacturer's instructions. Labeling and hybridization were performed by GeneFrontier.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) was performed using whole-cell extracts (WCEs) as described (24) . Doublestranded oligonucleotides carrying putative E-box sites around the Vc2 gene segment and the lE5 sequence in the IgH intronic enhancer were labeled with [a-32 P]dCTP using Klenow Fragment. For the binding reaction, 15 lg of WCE was incubated with 50 000 cpm of labeled probe for 15 min at room temperature in binding buffer containing 10 mM TrisHCl (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, 10 lg BSA and 0.5 lg poly(dI-dC). For competition assays, unlabeled probes were added at a 100-fold molar excess to the binding reaction 10 min before addition of the labeled probe. For supershift assays, WCE was pre-incubated with 2 lg of control normal rabbit IgG (Jackson Immuno Research, West Grove, PA, USA), anti-E47 (BD Biosciences G127-32) or anti-HEB (Santa Cruz A-20) for 20 min at room temperature followed by addition of the labeled probe. The mixture was then electrophoresed in 4% PAGE in 0.5 3 Trisborate-EDTA. Images were captured and analyzed with a FLA-9000 imaging analyzer (Fuji Film, Tokyo, Japan).
Luciferase assay
The minimal promoter of the human liver/bone/kidney alkaline phosphatase (LBK AP) gene containing only a TATA box was inserted upstream of the firefly luciferase gene of pGL3 basic vector (Promega, Madison, WI, USA) to generate a mock vector, pGL3-LBK AP luc (25) . Six copies of the lE5-lE2 sequence in the IgH intronic enhancer were inserted upstream of the LBK AP promoter and used as a control vector, pGL3-lE5-lE2 LBK AP luc. Ten copies of the Vc2 E6 or E8 sequence were inserted upstream of the LBK AP promoter to generate sample vector, pGL3-Vc2 E6 or E8 LBK AP luc. The expression vector for human E47 in pcDNA3 (Invitrogen, Carlsbad, CA, USA) or the empty expression vector was transfected into 293T cells together with pGL3-LBK AP luc, pGL3-lE5-lE2 LBK AP luc or pGL3-Vc2 E6 or E8 LBK AP luc reporter vector using FuGENE 6 (Roche, Indianapolis, IN, USA). The Renilla luciferase control vector, pGL4.74/hRTK, was used as an internal control for transfection. Forty-eight hours later, luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega).
Sequences of all the oligonucleotides and PCR protocols are listed in Supplementary Table S1 (available at International Immunology Online). Statistical significance was assessed by the two-tailed Student's t-test unless otherwise stated.
Results
E47 dosage-dependent regulation of TCR Vc2 gene rearrangement
The previous study showed that Vc2 gene rearrangement in the adult thymus was impaired in E2A-deficient mice (19) . To assess the rearrangement defect more quantitatively, we utilized real-time PCR to analyze Vc2-Jc1 rearrangements in CD4 À
CD8
À DN thymocytes purified from adult E47 +/+ , E47 +/À and E47 À/À mice. DNA was prepared from the isolated thymocytes and the levels of Vc2-Jc1 rearrangements were quantified by PCR using appropriate primers (Fig. 1A) . Each rearrangement level of an individual mouse was normalized with the level of the CD4 gene, and the relative rearrangement level to that of E47 +/+ thymocyte was compared (Fig. 1B) . Average rearrangement levels of E47 +/+ , E47
and E47 À/À mice were also analyzed (Fig. 1C) . Although considerable levels of Vc2-Jc1 rearrangement were detected in adult E47 +/+ mice as reported previously (8), rearrangement levels were reduced in E47 À/À mice to approximately 40% of those in E47 +/+ mice ( Fig. 1B and C) . In E47 +/À mice, Vc2-Jc1 rearrangement was slightly, but significantly, decreased (80-90% as compared with E47 +/+ mice), indicating that Vc2-Jc1 rearrangement is highly sensitive to the E47 gene dosage.
It might be argued, however, that the reduced levels of Vc2-Jc1 rearrangement resulted from the developmental Relative rearrangement level to that of E47 +/+ mice is shown as the mean 6 SD of individuals of each group. One-way analysis of variance followed by the Scheffe test was used to compare values among the three groups (**P < 0.01, ***P < 0.001).
Regulation of
+ CD3 + cdT cells in DN fraction is slightly decreased in E47 À/À thymocytes (0.3-0.6%) compared with that of E47 +/+ thymocytes (2-3%) (data not shown). To exclude the possible effect of the developmental defect on the analysis of Vc2-Jc1 rearrangement, we also analyzed CD3 À 4 À 8 À triple-negative (TN) thymocytes and found that the Vc2-Jc1 rearrangement levels were reduced in E47 À/À mice when compared with E47 +/+ mice (Supplementary Figure 1A is available at International Immunology Online). Furthermore, Vc2-Jc1 rearrangement in E47 +/À mice was slightly, but significantly, decreased (80-90% as compared with E47 +/+ mice). These results indicate that in adult thymocytes, Vc2 gene rearrangement itself is regulated by E47 in a dosage-sensitive manner.
Regulation of Vc2 chromatin accessibility by the dosage of E47
These data raised the possibility that the reduction in Vc2 rearrangement is caused by an E47 dosage-dependent decrease in Vc2 gene accessibility. To address this issue, we analyzed Vc2 germ line transcription in thymocytes derived from adult E47 +/+ , E47 +/À and E47 À/À mice on a Rag2 À/À background, allowing the assessment of the germ line transcript (GLT) levels in the absence of gene rearrangement (23) . As anticipated, thymocyte development in E47
Rag2
À/À and E47 +/À Rag2 À/À mice was arrested at the CD44 À
CD25
+ DN3 stage ( Fig. 2A) . In contrast, the majority of thymocytes in E47 À/À Rag2 À/À mice developed into double-positive cells, consistent with previous observations that E47 is essential to enforce the developmental arrest in the absence of TCRb rearrangement (Supplementary Figure  8 is available at International Immunology Online) (24, 26) . Given that, it is possible to directly compare E47 +/+ Rag2 À/À and E47 +/À Rag2 À/À thymocytes that are arrested at the same developmental stage, we first assessed GLT levels of the Vc2, Vc3, Jc1 genes as well as the Vb11 gene in these thymocyte populations by real-time PCR (Fig. 2B) . As we reported previously, abundance of Vb11 GLT was substantially decreased in E47 +/À Rag2 À/À cells as compared with E47 +/+ Rag2 À/À cells ( Fig. 2B ) (26) . Similarly, GLTs of Vc2 and Jc1 but not Vc3 genes were significantly decreased in E47 +/À Rag2 À/À cells as compared with E47 +/+ Rag2 À/À cells (Fig. 2B) . In contrast, the E47 heterozygosity did not lead to a decrease in Rag1 gene expression, despite the fact that this gene has been reported to be an E47 target gene ( Fig. 2B ) (20) . These results indicate that Vc2 and Jc1 germ line transcription is highly sensitive to the E47 dosage. We also analyzed germ line transcription in CD3 À 4 À 8 À TN thymocytes that we used in the rearrangement analysis described above and found that the Vc2 GLT levels were reduced in E47 À/À mice when compared with E47 +/+ mice (Supplementary Figure 1B is available at International Immunology Online). Furthermore, the Vc2 GLT levels in E47 +/À mice were significantly decreased (40-60% as compared with E47 +/+ mice), confirming that the reduction in Vc2 rearrangement is correlated well with the E47 dosagedependent decrease in Vc2 gene accessibility.
To further explore a potential role for E47 in modulating Vc2 chromatin accessibility, we examined histone acetylation at the Vc2, Vc3, Jc1 and Vb11 genes by ChIP followed by real-time PCR (Fig. 2C) . In particular, we analyzed acetylation of the lysine 18 residue of histone H3 (H3K18ac), because acetylation of this residue is specifically induced by E2A through the recruitment of CBP/p300 (S.S., K.M., N.T., W.J.R., I.Y., C.M. and Y.A. preparation). Consistent with our previous report, acetylation levels were high at Vc2, Jc1 and Vb11 but low at Vc3 in adult E47 +/+ Rag2 À/À thymocytes, indicating that histone acetylation levels are well correlated with the rearrangement frequency of the Vc genes (11, 26) . In E47 +/À Rag2 À/À cells, however, the acetylation levels were slightly, but significantly, reduced at Vc2, Jc1 and Vb11 as compared with E47 +/+ Rag2 À/À cells. Collectively, these observations suggest that the reduction in Vc2-Jc1 rearrangement by the E47 deficiency is likely caused by an E47 dosage-dependent decrease in the accessibility of Vc2 and Jc1 chromatin.
E2A binds around the Vc2 gene and the regulatory regions in the TCRc locus in vivo
Given that E47 is required for the Vc2 and Jc1 chromatin accessibility, we thought the possibility that the E-proteins promote the accessibility by directly interacting with these regions. To test this, we assessed in vivo E2A binding throughout the TCRc locus by ChIP-on-chip analysis using tiled arrays comprising the mouse TCRc Cc1 and Cc3 clusters. Cross-linked chromatin was prepared from adult Rag2 À/À thymocytes and immunoprecipitated with anti-E2A antibodies, and precipitated DNA was amplified by ligationmediated PCR and used as a probe for hybridization of tiled arrays. Apparent E2A occupancy was detected at the Vc2 gene among multiple Vc gene segments (Fig. 3A) . Relatively high E2A binding was also detected in the TCRc locus regulatory regions including HsA and Ec1 (Fig. 3A) , Ec3 and Ec2 (data not shown).
To further confirm these ChIP-on-chip data, we next sought to examine E2A binding in vivo by ChIP assay followed by real-time PCR. To this end, we designed appropriate primer sets at intervals of 500-1000 bp along the Vc2 gene segment and analyzed E2A occupancy in adult Rag2 À/À thymocytes (Fig. 3B) . Consistent with the array data, E2A binding was detected at the relatively high levels around the Vc2 gene with a peak at the RSS, as well as in the HsA and Ec1 regions, whereas E2A binding around the Vc3 gene was relatively low (Fig. 3B) . Slightly higher E2A binding was also detected at the Jc1 gene segment compared with the Vc3 gene, whereas we could not detect clear E2A occupancy at the Jc1 segment in ChIP-on-chip analysis (Fig. 3A) . This discrepancy might be because the E2A-binding level at Jc1 is likely to be below the detection limits of the ChIP-on-chip analysis. In agreement with E2A occupancy at HsA and Ec1, histone acetylation levels at these regions were significantly reduced in E47 +/À Rag2 À/À thymocytes as compared with E47 +/+ Rag2 À/À cells (Fig. 3C ). We also determined whether E2A occupancy in the TCRc locus is lineage specific by ChIP assays using the Abelson virus-transformed RAG2-deficient pro-B cell line, 63-12 (Supplementary Figure 2 is available at International Immunology Online). Although some residual E2A occupancy was observed at both of the enhancers of TCRc and TCRb loci, E2A recruitment was not substantially detected around the Vc2 gene, indicating that E2A is specifically recruited at the Vc2 gene in a lineage-specific manner.
Collectively, these data suggest that E2A directly binds around the Vc2 gene in vivo and increases accessibility of the Vc2 chromatin, thereby facilitating Vc2 rearrangement 
Rag2
À/À and E47 +/À Rag2 À/À adult thymocytes were analyzed for surface expression of CD4 and CD8, and CD44 and CD25 on live-gated cells (upper) and CD44 and CD25 on lineage-negative cells (Lin: CD3, CD4, CD8 and DX5) (lower). (B) Reverse transcription-quantitative PCR analysis of GLT in E47-deficient thymocytes. Vc2, Vc3 and Jc1 GLT levels in E47 +/+ Rag2 À/À (black bars) or E47 +/À Rag2 À/À (gray bars) adult thymocytes were quantified by real-time PCR using genomic DNA of Rag2 À/À thymocytes as a standard. Each transcript level was normalized to b-actin mRNA and is shown as the mean 6 SD of triplicate PCRs. Vb11 and RAG1 transcript levels were also analyzed and the relative transcript level to that of E47 +/+ Rag2 À/À thymocytes is shown as the mean 6 SD of triplicate PCRs. Data are representative of two independent experiments. (C) ChIP analysis of histone H3 acetylation in E47-deficient thymocytes. Chromatin prepared from E47 +/+ Rag2 À/À (black bars) or E47 +/À Rag2 À/À (gray bars) adult thymocytes was immunoprecipitated with anti-H3K18ac. The bound and input fractions were quantified by real-time PCR, and ratios of bound/input are indicated as a percentage of input for each DNA segment after normalization to that of b2-microglobulin. Data are the mean 6 SD of triplicate PCRs and are representative of three independent experiments. The Student's t-test for unpaired data was used to compare values between the two groups (*P < 0.05, **P < 0.01).
Regulation of Vc2 gene rearrangement by E2A 301
relatively specific among multiple Vc gene segments. In addition to this local activation, E2A might function to activate the locus through the binding to the TCRc locus regulatory regions including HsA and Ec1.
E-protein complex has the ability to bind directly to two E-box sites present downstream of the Vc2 gene in vitro
To further verify direct E2A binding around the Vc2 gene segment, we searched for the presence of consensus E-box sites around the Vc2 gene and identified nine potential E-box sites (Fig. 4A, Supplementary Figure 3 is available at International Immunology Online). We thus analyzed E2A binding to these potential E-box sites in vitro by EMSA using WCEs prepared from Rag2 À/À thymocytes (Fig. 4A) . Among those tested, two probes carrying either E-box site called Vc2 E6 or E8, located near Vc2 RSS and about 700 bp downstream of RSS, respectively, exhibited strong binding activity comparable to the control lE5 probe containing the E-box sites in the IgH enhancer (Fig. 4A) . Mutations in the E-box sites abolished the binding for both Vc2 E6 and E8 probes (Fig.  4B, lanes 4 and 8) and an excess amount of unlabeled Vc2 E6 or E8 probes, but not their mutant probes, abrogated the binding activity of the lE5 probe (Fig. 4B , lanes 5, 6, 9 and 10), verifying the specific E-protein binding to the Vc2 E6 and E8 probes. Furthermore, the E-box-binding activity for both Vc2 E6 and E8 probes was abolished by the anti-E47 antibody and supershifted with the anti-HEB antibody (Fig.  4C, lanes 5, 6, 8 and 9 ), indicating that the detected complex is primarily comprised of E47 and HEB, in consistent with previous reports (24, 27) . Collectively, these results indicate that the E-protein complex comprised of E47 and HEB has the ability to bind directly to the Vc2 E6 and E8 sites present downstream of the Vc2 gene in vitro.
We also identified several potential E-box sites in HsA and Ec1 (Supplementary Figures 4 and 5 are available at International Immunology Online) and thus examined E-protein binding to these E-box sites by EMSA using WCEs prepared from the 166D9 thymocyte cell line and Rag2 À/À thymocytes (Supplementary Figure 6 is available at International Immunology Online). Compared with the control lE5 probe, lower but significant binding activity was detectable with probes carrying these potential E-box sites present in HsA and Ec1.
E2A activates transcription through the binding to Vc2 E6 and E8 sites
Based on the observations described above, we hypothesized that E2A has the ability to activate transcription through the binding to Vc2 E6 and E8 sites. To test this possibility, we performed a reporter assay using a luciferase reporter vector, which is commonly used for assessment of the E-protein activity, carrying six copies of tandem E-box sites lE5 + lE2 upstream of the minimal promoter from the human LBK AP gene containing only a TATA box (25) . Similar to this vector, we constructed luciferase reporter plasmids by inserting 10 copies of either Vc2 E6 or E8 site upstream of the LBK AP gene promoter (Fig. 5A and B) . These reporter constructs were transfected into the human embryonic kidney cell line 293T, which shows very low levels of endogenous E2A proteins, together with the E47 Fig. 3 . E2A binds to the Vc2 gene segment, HsA, and Ec1 in vivo. (A) ChIP-on-chip analysis of E2A occupancy in the TCR c1 locus. Custom microarrays containing 50-mer probes that tiled through the mouse TCRc Cc1 and Cc3 clusters were hybridized with amplicons prepared from E2A ChIP DNA and an input DNA. The hybridization intensity signals were normalized across the entire array by taking the ratio of the medians for all features and normalizing them to unity. After normalization, the ratio was calculated by dividing the E2A hybridization intensity signal by the input control signal for each oligonucleotide probe and is shown as log 2 (gray bars) adult thymocytes was immunoprecipitated with antiH3K18ac. The bound and input fractions were quantified by real-time PCR, and ratios of bound/input are indicated as a percentage of input for each DNA segment after normalization to that of b2-microglobulin. Data are the mean 6 SD of triplicate PCRs and are representative of three independent experiments. The Student's t-test for unpaired data was used to compare values between the two groups (*P < 0.05, **P < 0.01).
expression plasmid. None of the reporter constructs showed any transcriptional activity in the absence of E47; however, upon E47 over-expression, both reporter constructs carrying Vc2 E6 and E8 sites exhibited strong transcriptional activity in an E47 dosage-dependent manner, albeit to slightly lower extent compared with the control reporter vector (Fig. 5C) . Furthermore, the mutations in the Vc2 E6 and E8 sites, which abolished the E-protein binding in EMSA, also abrogated the transcriptional activity of both Vc2 E6 and E8 reporter plasmids (Fig. 5C ). These data indicate that E2A has the ability to activate transcription through direct binding to the Vc2 E6 and E8 sites, supporting the notion that E2A directly binds to and increases accessibility of the Vc2 gene, thereby facilitating Vc2 rearrangement. WCEs prepared from total adult Rag2 À/À thymocytes were analyzed for DNA-binding activity to oligonucleotide probes containing each E-box site. The lE5 probe containing the E-box site in the IgH enhancer was used as a control. The position of the shifted binding complex is indicated. (B) EMSA analysis for specificity of the Vc2 E-box-binding activity. The lE5 probe with or without WCE was run in lane 2 or 1. The Vc2 E6 and E8 probes carrying the wild-type (WT) or mutated (Mut) Ebox site were analyzed (lanes 3, 4, 7 and 8). For competition assay, unlabeled Vc2 E6 or E8 probe carrying the wild-type (6WT or 8WT) or mutated (6Mut or 8Mut) E-box was added at a 100-fold molar excess to the binding reaction before addition of the labeled lE5 probe (lanes 5, 6, 9 and 10). (C) EMSA analysis for composition of the Vc2 Ebox-binding complex. WCE was pre-incubated with control normal rabbit IgG, anti-E47 or anti-HEB antibodies followed by addition of the labeled probes. The position of the shifted and supershifted binding complex is indicated. 
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Discussion
In this study, we demonstrated that E47 is required for efficient Vc2-Jc1 rearrangement in adult thymocytes presumably by increasing accessibility of the Vc2 gene segment. Consistent with these data, we showed that E2A directly binds around the Vc2 gene segment and identified two canonical E-box sites downstream of Vc2, to which E2A can bind in vitro. Furthermore, these two E-box sites have the ability to activate transcription upon E2A over-expression.
The previous studies using transgenic mice revealed that when the promoter segments of the Vc2 and Vc3 genes were reciprocally swapped, the accessibility and rearrangement patterns of Vc2 versus Vc3 in the adult thymus were reversed, suggesting that the promoter regions of the individual Vc genes determine the preference for Vc2 over Vc3 rearrangements (12) . This seems inconsistent with our observation that the Vc2 downstream region contains two functional E-box sites, which may be important for Vc2 rearrangement upon E2A binding. However, it might be possible that, in the swapped transgene, the Vc3 promoter functions as a silencer dominantly over the Vc2 downstream region in adult thymocytes, thereby reducing the rearrangement of the swapped Vc2 gene. In agreement with this, Clausell and Tucker (28) reported that the Vc3 promoter contains a silencer element, which has the ability to repress transcriptional activity of a heterologous promoter.
In E2A-deficient mice, the rearrangement patterns of Vc2 versus Vc3 were reversed in the adult thymus in an accessibility-dependent manner, suggesting that E2A functions to activate Vc2 rearrangement but to inhibit Vc3 rearrangement (19) . To examine more directly how E2A regulates differential rearrangement of the Vc2 and Vc3 genes, Raulet et al. crossed the E2A-deficient mice with their promoter-swapped (cB-Pr-Sw) or gene-swapped (cB-Gn-Sw) transgenic mice (Supplementary Figure 7 is available at International Immunology Online) (29) . They reported that E2A deficiency led to the decreased rearrangements of the Vc genes that were flanked by the Vc2 promoter region (Vc3 in cB-Pr-Sw and Vc2 in cB-Gn-Sw) when compared with those of wild-type mice, claiming that E2A acts on the Vc2 promoter to facilitate Vc2 rearrangement in the adult thymus. Although we failed to identify functional E-box sites around the Vc2 promoter, it may be possible that the Vc2 promoter indirectly interacts with E2A proteins possibly through the interaction with Ec and HsA, because significant E2A occupancy was detected around the Vc2 promoter in our ChIP assay (Fig.  3B) . However, the decreased rearrangement of the Vc2 gene in cB-Gn-Sw crossed with E2A knockout mice may also reflect the fact that the swapped Vc2 gene contains the Vc2 E6 site in its downstream, rendering the rearrangement dependent on E2A (Supplementary Figure 7 is available at International Immunology Online).
If the Vc3 promoter region mediates E2A-dependent inhibitory activity of Vc3 rearrangements, E2A deficiency should lead to the increased rearrangement of the Vc genes that are flanked by the Vc3 promoter (Vc2 in cB-Pr-Sw and Vc3 in cBGn-Sw) (Supplementary Figure 7 is available at International Immunology Online). In contrast to this prediction, in both the cB-Pr-Sw and the cB-Gn-Sw transgenes, E2A deficiency caused a decrease rather than an increase in rearrangement of the Vc genes flanked by the Vc3 promoter (29) . These puzzling data can be explained, at least in part, by our finding that the Vc2 downstream region contains two functional E-box sites. In cB-Pr-Sw transgenic mice crossed with E2A-deficient mice, the E2A-dependent inhibitory activity of the Vc3 promoter should be lost. However, E2A deficiency is also likely to cause a decrease in accessibility of the swapped transgene because of the lack of E2A binding to the Vc2 downstream E-box sites. As a whole, rearrangement of the Vc3 promoter-flanked Vc2 gene might be reduced by E2A deficiency. Likewise, in the cB-Gn-Sw transgene, the Vc2 E8 site still remains downstream of the replaced Vc3 gene (Supplementary Figure 7 is available at International Immunology Online). Thus, E2A deficiency caused a decrease rather than an increase in Vc3 rearrangement. It should also be noted that E2A deficiency led to an increase in Vc3 rearrangement only in the cB transgene and the endogenous locus where the Vc3 gene is located in the original context. It might thus be possible that the Vc3 downstream region contains the E2A-independent activity to facilitate Vc3 rearrangement in the absence of E2A.
In addition to the local accessibility control of the individual Vc genes, cis-acting elements such as HsA and Ec1 play overlapping roles in regulation of the TCRc gene rearrangements (15) . In this study, we showed that, in addition to the Vc2 gene, E2A also binds to both HsA and Ec1 in vivo as well as in vitro. Thus, it might be conceivable that E2A positively regulates Vc2 rearrangement by increasing the locuswide accessibility via the interaction with these regulatory elements in addition to the local accessibility control of the Vc2 gene. Although deletion of both HsA and Ec1 in the transgene that contains the Vc2 and Jc1 genes in germ line configuration severely diminished rearrangements of the transgene (18), deletion of both elements in the endogenous locus by gene targeting only modestly inhibited rearrangements, suggesting that an additional regulatory elements that promotes rearrangements must exist in the endogenous locus outside of the region used for the transgene (15) . It should be noted that the transgene, which lacked both HsA and Ec1, also fortuitously lacked Vc2 E8, one of the two Ebox sites downstream of Vc2, suggesting that Vc2 E8 is one candidate for the putative regulatory elements (18) . Furthermore, whereas the deletion of both HsA and Ec1 severely abrogated rearrangements of the transgene, low levels of rearrangements were detected in some transgenic lines without HsA and Ec1 (18) . Nonetheless, transcription of the rearranged Vc2-Jc1 gene was not detectable. This might be because another E-box site downstream of Vc2, Vc2 E6, remains in the transgene prior to recombination, but it is lost after recombination and does not support transcription of the rearranged Vc2-Jc1 gene any longer. Contrary to these notions, it has been postulated that the putative regulatory elements may rather reside upstream of HsA (29) ; however, our ChIP array analysis did not identify apparent E2A-binding regions (except the amphiphysin gene about 39 kb upstream of the Vc5 gene) up to 63 kb upstream of the Vc5 gene.
In addition to the accessibility control, E2A might play some roles in inducing rearrangement beyond accessibility including chromosome looping (30, 31) . In this regard, direct binding of E2A around Vc2 RSS is compatible for the looping mechanism in addition to the induction of the local accessibility of rearranging gene segments. We also observed that E2A has the ability to bind downstream of Vj RSSs in the human Igj locus and to induce rearrangement by increasing histone acetylation at these regions (S.S., K.M., N.T., W.J.R., I.Y., C.M. and Y.A. preparation). Furthermore, it would be intriguing to postulate that looping between the Vc2 and Jc1 gene segments may physically exclude the Vc3 gene segments out of the loop, and this might explain why Vc3 rearrangement is strictly inhibited in adult thymocytes in addition to the reduced accessibility of the Vc3 gene. In E47 null mice, the absence of such a Vc2-Jc1 loop formation may release the Vc3 gene from the physical constraint and facilitate Vc3 rearrangement in the adult thymus. Further genome-wide analysis including ChIP-Seq for cis-acting elements and transcription factors will be helpful in elucidating the molecular processes of developmentally regulated Vc rearrangements at the chromosome level.
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